Background Cardiovascular (CV) risk is high in children with chronic kidney disease (CKD), and further compounded in those who are overweight. Children with CKD have a unique body habitus not accurately assessed by body mass index (BMI). Waist-toheight ratio (WHr), a better predictor of CV risk in populations with short stature, has not been investigated in children with CKD. Methods Analysis of 1723 visits of 593 participants enrolled in the Chronic Kidney Disease in Children (CKiD) study was conducted. CKiD participants had BMI and WHr measured and classified as follows: (1) lean (WHr ≤ 0.49, BMI < 85th percentile); (2) WHr-overweight (WHr > 0.49, BMI < 85th percentile); (3) BMI-overweight (WHr ≤ 0.49, BMI ≥ 85th percentile); or (4) overweight by both BMI and WHr. Left ventricular mass index (LVMI), fasting lipids, fibroblast growth factor 23 (FGF23), blood pressure, and glucose were measured as markers of CV risk. Linear mixed-effects regression was used to evaluate differences in CV markers between overweight and lean groups. Results Participants were 12.2 years old, 60% male, and 17% African-American. Approximately 15% were overweight by WHr but not by BMI. Overweight status by WHr-only or both WHr and BMI was associated with lower high-density lipoprotein (HDL) and higher LVMI, triglycerides, and non-HDL cholesterol compared to lean. CV markers of participants overweight by BMI-only were similar to those of lean children. Conclusions WHr-adiposity is associated with an adverse CV risk profile in children with CKD. A significant proportion of children with central adiposity are missed by BMI. WHr should be utilized as a screening tool for CV risk in this population.
Introduction
Chronic kidney disease (CKD) is a lifelong chronic illness in which risks to cardiovascular (CV) health begin early in the course of the disease. Major CV events are rare in children, and early abnormalities are not easily detectable by conventional monitoring. By the time children with CKD reach young adulthood, their risk of CV mortality is 30-fold higher compared to their healthy peers [1] , indicating the need for better predictors and monitoring.
Obesity and abdominal adiposity, in particular, have been strongly associated with higher CV risk [2, 3] . It is known that obesity-related morbidity is more closely linked to central, or visceral, fat distribution rather than total body fat [3, 4] . Although body mass index (BMI) is the most common measure of anthropometrics used in clinical practice, it has inherent limitations that can lead to misdiagnosis of obesity. Specifically, the inability of BMI to differentiate between lean and fat mass can result in the misclassification of lean, muscular individuals as overweight while those with excess fat mass and low muscle mass can have a BMI in the healthy range [5, 6] . To this point, a recent study showed that 55% of children who were characterized as overweight by BMI did not have central obesity and these children had normal cardiometabolic risk profiles [7] .
Evidence shows that waist-to-height ratio (WHr), a measure of abdominal obesity, may be a better predictor of CV risk than BMI in populations with shorter stature and in the general pediatric population [4, [7] [8] [9] [10] [11] . As in the general population, obesity is an increasingly common problem among children with CKD. A recent report from the Chronic Kidney Disease in Children (CKiD) study indicated that 32% of those with non-glomerular disease and 46% of those with glomerular disease were overweight or obese, and 12% had severe short stature. The combination of impaired growth with normal or above average weight contributes to high prevalence of overweight and obesity in this population [12] . Body mass index may not accurately reflect body composition in children with kidney disease, due to their short stature and altered fat deposition patterns [13, 14] . On the other hand, waist circumference is also likely to be inaccurate for detection of obesity in pediatric CKD patients, as comparisons to age-specific percentiles are inappropriate in the setting of short stature and delayed maturation. WHr, a measure of abdominal obesity that takes height into account, may be better suited to the unique needs of children with CKD. The measure of obesity that best predicts CV risk children with CKD has not been established. This is the first study to investigate the association of WHr with markers of CV risk in children with CKD.
Materials and methods

Study design and population
The detailed methods of the CKiD study, an ongoing prospective multicenter cohort study of North American children with CKD, have been previously described [15] . The CKiD study (NCT00327860) was approved by an external study monitoring board appointed by the National Institute of Diabetes and Digestive and Kidney Diseases and by the institutional review board of each participating center, including Children's National Health System. Informed consent of all individual participants included in the study was obtained by each center and the study was conducted in accordance with the Declaration of Helsinki. The present study includes 593 CKiD participants who contributed 1723 visits between June 2008 and September 2015 while they were between 4 and 17 years of age with estimated glomerular filtration rate (eGFR) between 30 and 90 mL/ min/1.73m 2 . CKiD participants with a diagnosis of autosomal recessive polycystic kidney disease (ARPKD) were excluded from the analysis due to the likelihood of increased abdominal girth related to enlarged kidneys.
Evaluation and classification of overweight
Participants had weight, height, and waist circumference (WC) measured at annual study visits according to the CKiD study protocol, which have been previously described [15] . BMI was calculated as weight (kg) divided by height (m 2 ) and was converted to age-and-sex specific percentiles and zscores based on the 2000 Centers for Disease Control (CDC) growth charts, with BMI ≥ 85th age-sex specific percentile defined as overweight [16] . Waist-to-height was calculated as waist circumference (cm) divided by height (cm). WHroverweight status was defined by WHr > 0.49, based on a prior study of NHANES III data in children [4] . Participants were then classified into one of four groups: (1) nonoverweight or lean (WHr ≤ 0.49 and BMI < 85th percentile); (2) overweight by WHr-only (WHr > 0.49 and BMI < 85th percentile); (3) overweight by BMI-only (WHr ≤ 0.49 and BMI ≥ 85th percentile); and those overweight by both methods (WHr > 0.49 and BMI ≥ 85th percentile). . Fasting triglycerides, high-density lipoprotein (HDL) cholesterol, and non-HDL cholesterol (mg/dL) were measured every other year. Cterminal FGF23 (RU/mL) was measured every other year. Systolic blood and diastolic blood pressure (mm Hg) were measured annually and converted to z-scores [17] . Fasting glucose (mg/dL) was measured annually. The eGFR (mL/min/ 1.73m 2 ) was determined annually based on the equation of Schwartz et al. [18] .
Evaluation of CV markers
Statistical methods
The distribution of each marker of CV health was summarized using a box plot for each of four groups of participants: lean, overweight by WHr-only, overweight by BMI-only, and those overweight by both methods. Linear mixed-effects regression was used to evaluate whether there were any differences in markers of CV health between the three overweight groups compared to the lean group over time. Each linear mixedeffects regression model was adjusted for the following covariates: age centered at 10 years, gender, race (African American vs. non-African American), concurrently measured eGFR centered at 50 mL/min/1.73m 2 , CKD etiology (glomerular vs. non-glomerular), and pubertal status. All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
Study population
Demographic and baseline clinical characteristics of the study participants are presented in Table 1 , overall and by overweight status. Median age of the 593 participants was 12.2 years, 60% were male, 17% African American, and 32% had glomerular disease. Median time of follow-up was 3.2 years (IQR 2.0-5.2 years). The study cohort had a median eGFR of 60 mL/min/1.73m 2 and median urine protein to creatinine ratio of 0.24, which did not differ significantly according to weight classification.
Of the 593 children, 50.6% (n = 300) were lean, 15.2% (n = 90) were overweight by WHr-only, 4.7% (n = 28) were overweight by BMI-only, and 29.5% (n = 175) were overweight by both BMI and WHr at baseline. A scatter plot depicting the distribution of BMI z-scores and WHr by overweight status over all visits is shown in Fig. 1 . Approximately 15% of the CKiD population was not identified as overweight by BMI, but were determined to be overweight by WHr. The subset of children identified as overweight by WHr-only were of shorter stature in comparison to all other categories (median height z-score of − 1.00 for WHr-only overweight vs. − 0.36, + 0.11, and − 0.23 for lean, BMI-only, and both BMI/WHr overweight groups, respectively), Kruskal-Wallis p < 0.001. Short stature as defined by height z-score < − 1.88 was significantly more prevalent in the WHr-only group (17%), as compared to the lean (8%), BMI-only (4%), and combined BMI and WHr overweight (11%) groups (p = 0.04 by Chi-square). The usage of growth hormone therapy among the study cohort was 6% and did not vary significantly by weight group (p = 0.25 by Chi-square).
Comparison of CV markers by weight classification
The distributions of each of the CV markers by the four exposure groups are illustrated in Fig. 2 . LVMI, triglycerides, HDL cholesterol, and non-HDL cholesterol median levels appear worse in the group overweight by WHr-only than by BMI-only, compared to the lean group. Those in the combined WHr and BMI-overweight group appear to have worse median LVMI, triglycerides, HDL cholesterol, and non-HDL cholesterol as well as higher glucose and SBP z-score compared to the lean group. Due to the longitudinal nature of the data, bivariate statistical tests of significance were not appropriate, and therefore Fig. 2 represents a descriptive presentation of the data only.
Associations of weight classification with CV markers were statistically confirmed by the linear mixed-effects regression analysis.
Association of BMI and WHr with CV markers
Results of the multivariate analysis for associations of BMI and WHr with CV markers after adjusting for age, gender, race, eGFR, CKD etiology, and pubertal status are reported in Table 2 . Overweight status by WHr-only or by both WHr and BMI was associated with higher LVMI, higher triglycerides, lower HDL cholesterol, and higher non-HDL cholesterol compared to lean. In addition, there was a stronger magnitude of association of adiposity defined by WHr alone with hypertriglyceridemia (+ 17.1 vs. + 4%), low HDL-C (− 3.71 vs. − 0.42 mg/dL), and increased LVMI (+ 2.74 vs. + 2.10 g/ m 2.7
) compared with BMI alone, but this did not reach statistical significance. There were significantly stronger associations seen in those who were overweight by both WHr and BMI with hypertriglyceridemia (+ 43.6 vs. + 4.0%, p < 0.001) and low HDL cholesterol (− 6.48 vs. − 0.42, p = 0.004), compared with those overweight by BMI alone. In those classified as being overweight by BMI-only, the LVMI, triglyceride, HDL cholesterol, and non-HDL cholesterol levels were similar to those of the lean group. There were no significant interactions between BMI and WHr as related to CV markers. Participants classified as overweight by WHr-only or by BMI-only had similar FGF23, SBP z-scores, DBP z-scores, and glucose as lean participants. Being overweight by both WHr and BMI was associated with significantly higher SBP zscores (0.34 higher; p < 0.001) and higher glucose (2.9% higher; p = 0.009).
Discussion
This is the first study to investigate the association of WHr with markers of CV risk in children with CKD. Sensitive methods for accurate detection of adiposity-associated CV risk are important in children with kidney disease due to their tendency to gain excess fat mass in combination with their high risk for CV morbidity and mortality. Our analysis demonstrated that WHr identifies overweight in a greater number of children, approximately 15% of whom are missed by BMI alone, and that WHr is strongly associated with certain markers of adverse CV health in the CKiD study population. The ability of WHr to detect adiposity-associated CV risk in our population was evidenced by significant associations of WHr with hypertriglyceridemia, low HDL cholesterol, increased LVMI, and increased non-HDL cholesterol compared with lean children. While the effects of WHr-overweight alone were stronger than the effects of BMI-overweight alone (+ 17.1 vs. + 4.0%, p = 0.179 for triglycerides and − 3.71 vs. − 0.42, p = 0.150 for HDL cholesterol), the differences did not reach statistical significance because of the small percentage of overweight by BMI alone in our study population (5%). Furthermore, being overweight by both WHr and BMI was also strongly associated with adverse CV health and had stronger associations with hypertriglyceridemia and low HDL cholesterol compared with BMI alone. Thus, an important highrisk segment of the population is missed when BMI alone is used to assess obesity in pediatric CKD patients. This finding is supported by a recent meta-analysis indicating that BMI has a low sensitivity to detect excess adiposity and fails to identify the presence of excess body fat in over 25% of children [6] . In the present analysis, CKiD participants who were classified as overweight by BMI-only had similar CV risk profiles to those of lean children. These findings are similar to those of Khoury et al. who reported that 55% of children who were characterized as overweight by BMI did not have central obesity and these children had essentially normal cardiometabolic risk profiles [7] . Our results are further supported by those of several large general pediatric population-based analysis comparing the ability of WHr and BMI to identify CV risk among children who participated in the NHANES study [4, 19] . An analysis by Kahn et al. demonstrated that WHr better identified youth with high heart rate, and elevated triglycerides, total cholesterol, and LDL cholesterol, compared with BMI [4] . Another study showed that children and adolescents with central obesity measured by WHr had increased LVMI in comparison to those with no central obesity [20] . The possible reasons behind the stronger association of WHr with CV risk factors are multifold. Firstly, as WHr is a measure of abdominal adiposity, WHr-obesity signifies the accumulation of excess adipose tissue in the abdominal region. Even in the setting of a normal BMI, excess visceral adipose tissue can accumulate in the abdominal region when caloric intake exceeds the capacity of body utilization, resulting in an elevated WHr [21] . Continued excessive energy intake is then stored as triglyceride in the visceral adipocytes, eventually causing hypertrophy and hyperplasia, and finally leading to release of excess free fatty acids into circulation. The circulating free fatty acids then accumulate in the liver and heart, causing dysregulation of cholesterol metabolism and lipotoxic damage to cardiac muscle [22] . In addition, the epicardial fat surrounding cardiac muscle shuttles free fatty acids directly to the heart, resulting in cardiac fibrosis, myocardial hypertrophy, and increased left ventricular mass [23] [24] [25] .
As noted above, in the CKiD study population, approximately 15% of children were overweight by WHr alone, despite having a normal BMI, and this subset of WHr-only overweight children had significantly shorter stature compared to the rest of the study cohort. Interestingly, WHr has been found to be more closely associated with cardiometabolic risk in Asian populations, which are characterized by shorter stature and greater tendency towards central obesity, in comparison to North American or European populations [26, 27] . Similarly, in the NHANES study, WHr preferentially identified obesity in children who were shorter, had increased central subcutaneous fat distribution characterized by higher subscapular/ Continuous variables are reported as median [IQR] . Categorical variables are reported as the percent (%) of patients within each weight class column and % of the overall population at baseline. eGFR estunated glomerular filtration rate triceps skinfold ratio, and smaller mid-thigh circumference [4] . This body type preferentially identified by WHr in the general pediatric population closely mirrors the unique body habitus of children with CKD. The body composition of children with kidney disease has been characterized by central adiposity, short stature, reduced lean mass, high fat mass, and high trunk:leg fat mass ratio, as revealed by dual X-ray absorptiometry [13, 14] . Thus, WHr appears well-suited for the assessment of overweight in children with CKD.
Although WC is another measure of central adiposity, WCfor-age percentiles likely underestimate abdominal obesity in children with CKD, due to the aforementioned issues with impaired growth, short stature, and delayed maturation, which do not allow for accurate comparisons to healthy age-matched peers. In fact, a recent study investigated associations of WC with CV parameters in the CKiD population, where WC zscores and percentiles were determined based on age-matched reference data of healthy children [28] . The authors reported that central obesity as defined by WC provided no added benefit over BMI for identification of CV risk in this population. These findings are in contrast to the results of the present analyses which suggest that indexing WC to height adds predictive value in the identification of CV risk associated with central adiposity in children with CKD.
The major strength of this study was the use of CKiD study data, which was prospectively and longitudinally collected according to standardized protocols at 54 sites across North America. However, the analysis was limited by the inability to include indicators of subclinical CV dysfunction (carotid intima-media thickness and myocardial strain) due to a limited sample size for this particular data. Future studies investigating indicators of subclinical CV dysfunction with WHr will further elucidate the utility of this anthropometric measure. A novel aspect of this study was the exploration of FGF23 as a predictor of CV risk in overweight children with CKD. Emerging evidence suggests that FGF23 plays a role in the regulation of visceral adiposity [29] , and is also a predictor of left ventricular hypertrophy (LVH) in children [30] and adults [31] with mild to moderate CKD. Whereas we did not identify FGF23 as a significant correlate of adiposity-associated CV risk in this CKiD study cohort, further investigation is warranted to explore the mechanisms that regulate the interplay between FGF23, adiposity, and CV risk in individuals with CKD. Overweight by waist-to-height ratio (WHr)-only,body mass index (BMI)-only, and combined (overweight by both WHr and BMI) groups are shown in the white, lightgray, and dark gray bars, respectively, overlaying a shaded gray box representing the lean group. Due to thelongitudinal nature of the data, bivariate statistical tests of significance were not appropriate; this figurerepresents a descriptive presentation of the data only. In conclusion, WHr adiposity, either alone or in combination with increased BMI, is associated with a worse CV risk profile characterized by increased LVMI, higher triglycerides, lower HDL cholesterol, higher non-HDL cholesterol, higher systolic blood pressure, and higher blood glucose in comparison to lean children with CKD. A significant proportion, approximately 15%, of at-risk children, are not recognized as overweight by BMI alone; in particular, those of shorter stature are at risk of being missed. WHr captures these children and in combination with BMI is more strongly associated with increased triglycerides and low HDL cholesterol than BMI alone, whereas the CV risk profile of those overweight by BMI alone is similar to that of lean children. In addition, WHr does not require comparison to age and gender reference points, making it more convenient for clinical use than other methods. Therefore, WHr, a measure of abdominal obesity that is well-suited to assess the unique body composition of pediatric patients with CKD, should be utilized as screening method to identify children at increased CV risk in this vulnerable population.
